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It is shown that a circular dipole can deflect the focused laser beam that induces it, and will
experience a corresponding transverse force. Quantitative expressions are derived for Gaussian and
tophat beams, while the effects vanish in the plane-wave limit. The phenomena are analogous to the
Magnus effect pushing a spinning ball onto a curved trajectory. The optical case originates in the
coupling of spin and orbital angular momentum of the dipole and the light. In optical tweezers the
force causes off-axis displacement of the trapping position of an atom by a spin-dependent amount
up to λ/2pi, set by the direction of a magnetic field. This suggests direct methods to demonstrate
and explore these effects, for instance to induce spin-dependent motion.
A common practice in many branches of sports is to
send a ball onto a curved trajectory by giving it a spin.
In this famous example of the Magnus effect [1] the spin-
ning ball deflects the stream of air around it, and is
pushed sideways by the reaction force perpendicular to
its forward velocity. In analogy, we may ask if a rotat-
ing dipole in an atom may similarly deflect a beam of
light, and thereby be pushed by a force perpendicular to
the light beam. C.G. Darwin already remarked that for
circular dipoles “. . . the wave front of the emitted radi-
ation faces not exactly away from the origin, but from
a point about a wave-length away from it.”[2]. A re-
cent experiment confirmed that an atomic circular dipole
can indeed appear to be displaced from its true location,
due to the emitted spiral-shaped wavefront [3]. Circular
dipoles provide perhaps the simplest example of the in-
trinsic coupling of spin and orbital angular momentum
(SAM and OAM, respectively) in non-paraxial light fields
[4–12]. Such fields, in the form of tightly focused laser
beams, are of central importance in a rapidly growing
range of experiments involving (arrays of) optical tweez-
ers [13–22]. These are developed as precise tools to hold
and manipulate single atoms or molecules at the quan-
tum level, in creating platforms for quantum simulation
and computation, as well as for quantum sensing and
atomic clocks [23, 24].
Here we predict that an atomic circular dipole can de-
flect the centered focused laser beam that induces it, and
conversely, that the atom will experience a transverse
force when on-axis [42]. An important consequence of
this force can be seen in the off-axis displacement of the
trapping potential created by an optical tweezer. Thus,
rather than ‘seeing an atom where it is not’ [3, 26, 27],
here we describe a different situation, of ‘trapping an
atom where the focus is not’. We find that, as SAM
of the atom is coupled to transverse OAM of light, dif-
ferent spin states will be displaced by different amounts
up to ±λ = ±λ/2pi. The exact displacement depends
on the polarization of the tweezer beam and the direc-
tion of a magnetic field that sets the quantization axis,
providing a tool for state-dependent manipulation of the
atomic motion within the tweezer. While the deflection
angle is only significant near atomic resonance, the off-
axis displacement is independent of the laser detuning,
and persists in the usual far off-resonant regime of opti-
cal tweezers.
We describe these effects in terms of interference be-
tween the focused incident beam with the wave scattered
FIG. 1: Optical analog of the Magnus effect. (a) A linearly
polarized (E ‖ x), focused laser induces a circular dipole (xz
plane) on a j = 0 → j′ = 1 (∆mj = 1) transition, with
a magnetic field B ‖ y setting the quantization axis. The
spiral wave scattered by the circular dipole interferes with the
incident wave, producing two effects: (b) The incident beam
is deflected in the xz plane, with corresponding reaction force
on the atom, transverse to the beam. The direction changes
sign with the detuning from the atomic resonance. (c) In an
optical tweezer (‘red’ detuning, ∆ < 0), the transverse force
shifts the trapping position away from the optical axis by an
amount λ = λ/2pi.
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2by the circular dipole, see Fig. 1. In the optical theorem,
such interference is used to describe the attenuation of
light in terms of the forward scattering amplitude [28].
In contrast, here we concentrate on beam deflection, as
a consequence of the tilt of the spiral wavefront with
respect to the incident wave. Two simple atomic level
schemes serve as examples, a j = 0 → j′ = 1 and a
j = 1 → j′ = 0 transition. The former is conceptually
simpler though limited in the range of useful laser detun-
ings. The latter allows far off-resonance operation and
offers interesting extra opportunities.
Starting with the j = 0 → j′ = 1 transition, we focus
a linearly polarized (E ‖ x), monochromatic laser onto a
single atom placed in the origin, see Fig. 1. A magnetic
field B ‖ y defines the quantization axis and splits the
excited state into three |j,mj〉y sublevels, separated by
the Zeeman shift ∼ µBB/h¯, with µB the Bohr magneton
[29]. We tune the laser close to the ∆mj = +1 transition,
with a detuning ∆ = ωL − ω0 small compared to the
Zeeman shift, so that the ∆mj = 0,−1 transitions can
be neglected. The emission by the induced circular dipole
has a spiral wavefront in the xz plane, tilted with respect
to the forward zˆ direction of the incident beam.
We represent the light fields by their angular spectrum
[30, 31], using spherical k-space coordinates (k, θ, φ). For
monochromatic light k = ω/c is fixed, so that the incident
field can be written as 12Ein(Ω)e
−iωt + c.c., with Ω =
(θ, φ). The total field is the sum of the incident and
scattered waves. Writing only the positive frequency (∼
e−iωt) components, the total field reads
E(Ω) = Ein(Ω) +Esc(Ω) (1)
with Esc(Ω) the scattered wave.
We define the radiant intensity,
J(Ω) = |E(Ω)|2/2Z0. (2)
with Z0 = 1/0c, so that J(Ω)dΩ is the power flowing out
of an infinitesimal solid angle dΩ = sin θ dθ dφ around
uΩ = (sin θ cosφ, sin θ sinφ, cos θ) (3)
Combining Eqs. (1) and (2), the total radiant intensity
is the sum of three terms,
J(Ω) = Jin(Ω) + Jsc(Ω) + Jif(Ω) (4)
The interference term
Jif(Ω) =
1
2Z0
[
E∗in(Ω) ·E(coh)sc (Ω) + c.c.
]
(5)
contains only the coherent component of the scattered
field. An incoherent component would contribute to
Jsc(Ω) but not to Jif(Ω). For simplicity we assume that
the scattered field is entirely coherent, essentially restrict-
ing ourselves to the low-saturation limit [31].
The deflection of the light beam can be expressed as
the change in average wave vector 〈k〉 − 〈k〉in between
the total (incident plus scattered) and the incident wave,
using
〈k〉in = k
∫
uΩ Jin(Ω) dΩ∫
Jin(Ω) dΩ
= k
∫
uΩ Jin(Ω) dΩ
Pin
(6)
and similar for 〈k〉, omitting the subscript. Assuming
(again for simplicity) that non-radiative decay is absent,
we shall write Pin = P throughout.
The deflection is entirely determined by the interfer-
ence term Jif(Ω). The scattered light itself does not con-
tribute, due to the symmetry of the dipole radiation pat-
tern,
∫
uΩJsc(Ω) dΩ = 0. For the deflection we therefore
have
δ〈k〉 = 〈k〉 − 〈k〉in = k
P
∫
uΩ Jif(Ω) dΩ (7)
and for the force on the atom, by momentum conserva-
tion,
F = −P
ω
δ〈k〉 = −1
c
∫
uΩ Jif(Ω) dΩ (8)
While this expression includes the forward radiation pres-
sure force, in the cases of interest here the main force
will be transverse to the optical axis, F ≈ Fxxˆ. Then
(approximately) δ〈k〉 ⊥ 〈k〉in and with 〈k〉in ≈ kuz the
deflection angle is
|δθ| ≈ |δ〈k〉|
k
(9)
We will choose δθ > 0 if Fx < 0.
Let us now introduce specific field patterns to calculate
Jif(Ω). We take the dipole to be circular, p = pe
iαu+,
with u± = (xˆ ∓ izˆ)/
√
2 denoting spherical unit vectors,
and α the phase of the px component of the dipole, rel-
ative to the local driving field. The field radiated by a
coherent dipole [28], in angular coordinates, takes the
form [31]:
Esc(Ω) = Esc ie
iα (uΩ × u+)× uΩ (10)
with corresponding Jsc(Ω) given by Eq. (2). Here Esc =
p k2/4pi0 > 0 is a real-valued amplitude. Assuming the
steady state of the optical Bloch equations for a two-level
system, cotα = −∆/γ, with ∆ = ω − ω0 the detuning
from the ∆mj = +1 transition, and γ = ω
3
0D
2/6pi0h¯c
3
the half width of the transition, with D the transition
dipole moment.
For comparison, we consider two different types of in-
cident beams, Gaussian (‘G’) and angular ‘tophat’ (‘Π’),
where the latter approximates the output of a uniformly
illuminated focusing lens. The field for these two beams
can be written as
E
(G)
in (Ω) ≈ E(G)0 exp[−θ2/w2θ ]ux(Ω) (11)
E
(Π)
in (Ω) = E
(Π)
0 Π(θ/2rθ)ux(Ω) (12)
3with amplitudes E
(G)
0 ,E
(Π)
0 > 0. The Gaussian beam has
an angular width wθ which is related to the minimum
waist w0 (1/e
2 spatial radius of intensity) as wθw0 =
λ/pi. For the tophat beam, Π(θ/2rθ) is the rectangular
function with angular half width rθ and unit amplitude.
The polarization vector ux(Ω) is transverse to uΩ; it
is obtained by co-rotating xˆ when rotating zˆ → uΩ, i.e.
rotating by θ around an axis zˆ× uΩ,
ux(Ω) =
 cos θ cos2 φ+ sin2 φ(cos θ − 1) sinφ cosφ
− sin θ cosφ
 (13)
When combining Eq. (10) with Eq. (11) or (12) in
Eq. (5), the interference term contains the amplitude
product E
(G)
0 Esc or E
(Π)
0 Esc. In the low-saturation limit,
the amplitude Esc is proportional to E
(G)
0 or E
(Π)
0 . Their
ratio can be obtained by requiring energy conservation
[31]. Upon insertion of the resulting ratios Esc/E
(G)
0 and
Esc/E
(Π)
0 into Eq. (5), the interference term Jif(Ω) be-
comes proportional to the total power; the deflection an-
gle is then independent of power.
In Fig. 2 we show Jin(Ω) in the plane of the dipole
(φ = 0), together with the total radiant intensity J(Ω).
For the Gaussian beam, the effect of Jif(Ω) is to shift
the peak and the average of the direction of propagation
away from θ = 0. For the tophat beam, the interference
leads to an intensity gradient across the angular width of
the beam, whereas the edges of the tophat stay in place.
In this case the intensity gradient leads to a change in
average beam direction.
Finally, the deflection angle is obtained by integration
as in Eq. (7),
δθ ≈ 3
4
γ∆
(γ2 + ∆2)
×
 w4θ (Gauss)r4θ/4 (tophat) (14)
and the reaction force as
Fx ≈ −P
c
δθ (15)
The results are given as the leading order in wθ and
rθ. The deflection angle reaches maximal values of
δθ = ±3w4θ/8 and ±3r4θ/32, respectively, for ∆ = ±γ;
it vanishes in the plane-wave limit. In this central result
the detuning dependence shows that the force is essen-
tially a dipole force [32]. The force can also be seen as
arising from polarization gradients that occur near the
focus of a linearly polarized light beam [7–9, 11, 13].
We now address the question of how we can observe the
calculated effects, either by directly observing the deflec-
tion of a laser beam, or by observing the effect of the
reaction force on the atom. As shown by Eq. (14), the
angle of deflection by a single atom is small compared to
the divergence angle, |δθ|  rθ, wθ, and vanishes in the
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FIG. 2: Beam deflection: radiant intensities in the plane of
the u+ dipole, for (a) a Gaussian incident beam with wθ =
0.6, and (b) an angular tophat incident beam with rθ = 0.6.
In both cases, the gray/dotted curve shows Jin(θ, φ = 0)
of the incident beam, normalized to 1 for θ = 0; red/solid
and blue/dashed curves show the outgoing, or total J(θ, 0),
for ∆ = −γ and +γ, respectively. For clarity, we identify
(θ, 0) ≡ (−θ, pi). Curves remain the same upon switching si-
multaneously the signs of the detuning and the spin of the
dipole.
plane wave limit, wθ, rθ → 0. A direct observation will
thus require sufficiently high signal-to-noise ratio, sim-
ilar to what was achieved in the recent observation of
apparent λ displacement of an emitter [3]. In the above
calculations, we have assumed the atom to be fixed in
the origin, which can be achieved in an ion trap, or in a
tight optical tweezer. One can then look for the deflec-
tion of a weak near-resonant (∆ ≈ ±γ) probe beam. A
larger deflection angle may be obtained if multiple atoms
cooperate. For example, one may consider dense clouds
of sub-wavelength size, containing tens to hundreds of
atoms, that have been observed to show collective scat-
tering properties [33, 34]. Another possibility may be
to use elongated, (quasi-) one-dimensional samples with
tight (<∼ λ) radial confinement, achievable, e.g., in optical
lattices [35–37] and on atom chips [38].
The second mode of observation, via the force on the
atom, provides some extra opportunities to manipulate
the atomic motion in an optical tweezer, and to separate
spin states of the atom. To see this, we consider an op-
tical tweezer, trapping an atom with a j = 1 → j′ = 0
transition. The |mj = ±1〉y states now couple to the
(σ∓)y components of the light field, and therefore expe-
rience opposite forces Fx. Interestingly, this configura-
tion allows the use of the far off-resonance light of the
tweezer itself, without the need for a separate weak, near
resonance probe beam. Looking at the spiral wave of a
u+ dipole shown in Fig. 1, we can readily see that the
relative tilt of the forward wavefronts will vanish if we
displace the atom by λ in the x direction. By thus align-
ing the wave fronts, the transverse force should vanish.
An atom in the |mj = −1〉y sublevel will therefore find an
equilibrium position in the tweezer at a displaced off-axis
location xeq = λ. By the same reasoning, the |mj = +1〉y
sublevel will have the opposite displacement, so that for
the j = 1→ j′ = 0 transition:
xeq = −(mj)yλ (16)
4FIG. 3: Optical tweezer operating on a j = 1→ j′ = 0 transi-
tion, leading to ±λ off-axis displacements for the (mj)y = ∓1
sublevels (upper left). The four panels show, in clockwise
order, the effect of a rotation of the quantization axis (B),
through a cycle y → z → −y → −z. While the B-referenced
(mj)B of an atom is conserved, the space-referenced (mj)y
is not. The locations of the (mj)B = ±1 traps move up
and down along the x axis, in antiphase. If B is rotated at
the trap frequency, spin-dependent oscillatory motion in the
tweezer can be induced.
The tweezer thus traps the atom off axis, ‘where the focus
is not’, in a spin-dependent location. For the situation
considered here the |mj = 0〉y state would be untrapped,
for a lack of pi component in the laser polarization. This
could be changed by rotatingB. In particular, setting the
angle between Ein and B to arctan(
√
2), the polarization
components σ−, pi, and σ+ would become equal. At this
‘magic angle’ all three spin components would be trapped
with a Stern-Gerlach type separation [39].
These intuitive arguments are backed up by a calcula-
tion [31], that shows that Eq. (14) for the beam deflection
is multiplied by 1 ∓ kd, for a u± dipole displaced by d
in the x direction, to lowest order in d. Thus the trans-
verse force indeed vanishes for a transverse displacement
of d = k−1 = λ in the x direction. Remarkably, the size
of the displacement is independent of the detuning and
independent of the beam divergence angle.
The off-axis trapping locations offer interesting op-
portunities to manipulate the motion of atoms in the
tweezer, see Fig. 3. Let us imagine an atom trapped in
the |mj = 1〉y state. As we slowly rotate the magnetic
field in the yz plane, the orientation of the atom will
adiabatically follow the rotating quantization axis. After
rotating the field y → z → −y, the spin will have main-
tained its orientation relative to B, i.e. |mj = 1〉B →
|mj = 1〉B . However, its orientation will have flipped in
space, |mj = 1〉y → |mj = −1〉y, since B has changed
direction. The space-referenced spin flip implies that the
atom must have moved to the other side of the optical
axis. Thus, by rotating the magnetic field in the yz plane
at a frequency ωB , we effectively shake the trap back and
forth: xeq = −(mj)Bλ cosωBt. The mj = ±1 levels are
shaken with opposite phase.
Shaking the trap at an amplitude λ is equivalent to
a harmonic driving force Fx = mω
2λ cosωBt, with ω
the trap frequency. Resonant shaking, ω ≈ ωB , will in-
duce an oscillatory motion in the trap. For example,
for a tweezer with a laser wavelength of λ ≈ 0.8µm,
a Gaussian waist of 2µm, holding an atom of mass
m = 88u in a 20µK deep trap, the trap frequency will be
ω ≈ 2pi × 7 kHz. In a simple driven harmonic oscillator
model only 3.5 drive cycles would impart enough energy
to kick the atom out of the trap, corresponding to a ve-
locity of ∼ 6 cm/s. In reality one would of course need
to take anharmonicity into account. The point here is
that magnetic field modulation can easily induce oscilla-
tory motion in the trap which can then be detected either
as trap loss, or by using time-of-flight imaging methods.
For the required magnetic field a few gauss should be
sufficient, to ensure that the Larmor frequency is large
compared to the trap frequency. Rotating the field at fre-
quencies of ∼ 10 kHz is well possible, being comparable
to what is used in TOP traps [40].
Many available atomic level systems should be suitable
to observe off-axis tweezer trapping. For example, in 88Sr
the transition 3P2 → 3S1 would provide a j = 2→ j′ = 1
transition. The outer (mj)y = 2 (−2) state couples only
to the σ− (σ+) polarization component, so its spatial
shift will be −λ (+λ). Using 87Rb one could operate a
tweezer red detuned to the D1 line (795 nm), driving the
two hyperfine lines F = 2→ F ′ = 1, 2. Also in this case
the outer state (mF )y = 2 (−2) is displaced by −λ (+λ),
as long as the detuning stays small compared to the fine
structure splitting of the D lines.
In summary, it is predicted that a circular dipole can
deflect a focused laser beam, with a corresponding re-
action force on the atom, transverse to the laser beam.
While the beam deflection could be observed directly,
the transverse force leads to spin-dependent, off-axis dis-
placements of up to ±λ for atoms trapped in an opti-
cal tweezer. The displacements could be used to perform
Stern-Gerlach type analysis of the spin states of the atom,
as well as to manipulate the motion of the atoms in the
tweezer. A full investigation of Stern-Gerlach type split-
tings for all mj states, different j → j′ transitions, as
well as for arbitrary relative orientations of Ein and B,
remains to be done and is beyond the scope of this paper.
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SPATIAL VS. ANGULAR k-SPACE COORDINATES
In this paper we express all fields by their angular spectrum E(Ω) = E(θ, φ). This is usually defined for fields
propagating out into a half space z ≥ 0 (see Ch. 3.2 in [S1]), as is clearly the case for the incident beams. The
relationship with the field in the plane z = 0 is given by
E˜(x, y, 0) = k2
∫∫
θ≤pi/2
E(Ω) sin θ dθdφ (S1)
with k = ω/c the laser wave vector. For the Gaussian beam with angular waist wθ the above equation yields the
familiar Gaussian beam cross section, with minimum waist w0 = λ/piwθ, see also Ch. 5 in [S1]. The angular tophat
beam approximates the output of a uniformly illuminated circular lens, and Eq. (S1) yields the resulting Airy pattern
in the focal plane z = 0.
Although the emission by a dipole is not confined to z ≥ 0, the angular representation of the radiation pattern of
a dipole p in a direction uΩ is well known to be given by Eq. (10) (main text), see for example Ch. 9 in [S2]. Only
the radiating, or ‘far field’, terms (∼ r−1) are relevant in our case, because one can evaluate the beam deflection at
arbitrarily large distance of the dipole, where the near fields (∼ r−2, r−3) have become negligible.
In the plane (φ = 0) of a u± dipole,
(uΩ × u±)× uΩ = e
±iθ
√
2
(cos θ, 0,− sin θ) (S2)
shows the spiral wave character in the prefactor e±iθ.
The factor i in Eq. (10) (main text) is a crucial detail. It is a consequence of expressing the spherical waves eikr/r of
the dipole field as an angular spectrum of plane waves. The same factor i can be recognized in the Weyl representation
of a diverging spherical wave [S1]. In the case at hand, one can readily see that it also ensures that a resonant beam
is attenuated (absorbed) in the forward direction, due to destructive interference of incident and scattered waves.
The phase factor eiα in Eq. (10) (main text) follows from the steady state of the optical Bloch equations [S3]. In
a two-level atom with states e, g, the induced dipole moment is given by the off-diagonal density matrix element ρeg.
If the atom is driven at detuning ∆ by a monochromatic field with (real) amplitude E0 the steady state (for s  1)
is given by
ρeg =
i
2
DE0/h¯
γ − i∆ (S3)
which has a complex argument α = arg ρeg given by cotα = −∆/γ. Here, since we choose an x polarized incident
wave, α is the phase of the px component of the dipole, relative to the incident field.
LOW SATURATION LIMIT
In the definition of the saturation parameter s we include the detuning, following [S3],
s =
I/I0
1 + ∆2/γ2
(S4)
with I the intensity and I0 = 2pihcγ/3λ
3 the saturation intensity. In the low-saturation limit, characterized by s 1,
the scattered light is almost entirely coherent, with a small incoherent fraction equal to s/(1 + s). In optical tweezer
experiments, using far off-resonant laser beams, typical values for s are in the range 10−6 − 10−8, so that s  1 is
indeed well fulfilled and the incoherent scattering rate is low.
2FIELD AMPLITUDES
The peak amplitudes E
(G)
0 ,E
(Π)
0 are related to the total power in the incident beam by
P =
∫
Jin(Ω) dΩ =

≈ (E
(G)
0 )
2
2Z0
× piw2θ2
(E
(Π)
0 )
2
2Z0
× 2pi (1− cos rθ)
(S5)
for the Gaussian and angular tophat beam, respectively. The integrals were performed using Mathematica software
[S4]. For the Gaussian, the equality is only approximate, we give here the leading term of a power series in wθ. The
above expressions have been written as a product of the forward (θ = 0) radiant intensity E20/2Z0 and an effective
solid angle.
The average wave vector of the incident beams is shorter than the corresponding value for a plane wave,
〈k〉in = kzˆ×
 1−
w2θ
4 + O(w
4
θ) (Gauss)
cos2
(
rθ
2
)
(tophat)
(S6)
The amplitude ratios Esc/E
(G)
0 and Esc/E
(Π)
0 can be obtained from the energy conservation condition∫
[Jif(Ω) + Jsc(Ω)] dΩ = 0 (S7)
The scattering term Jsc(Ω) > 0 would increase the outflowing power, which must be cancelled by the interference
term Jif(Ω). As a result,
Esc
E
(G)
0
≈ 3 sinα
4
√
2
w2θ (S8)
Esc
E
(Π)
0
=
3 sinα
4
√
2
sin2
(rθ
2
)
(cos rθ + 3) (S9)
where in the Gaussian case the leading order in wθ is given.
With these ratios the interference terms in the radiant intensity, Eq. (5) (main text) can be obtained as
Jif(Ω) = − Esc√
2Z0
f(Ω,∆)×
 ∼ E
(G)
0 e
−θ2/w2θ
E
(Π)
0 Π(θ/2rθ)
(S10)
with
f(Ω,∆) =
γ
(
cos θ cos2 φ+ sin2 φ
)−∆ sin θ cosφ√
γ2 + ∆2
(S11)
For the deflection, expressed as δ〈k〉 = 〈k〉 − 〈k〉in we evaluate the integral of Eq. (7) (main text) to obtain
δ〈k〉 = 3k
4
γ∆
γ2 + ∆2
(
w4θ + O(w
5
θ), 0,−2
γ
δ
w2θ + O(w
4
θ)
)
(S12)
for the Gaussian beam, and
δ〈k〉 = 3k
16
γ∆
γ2 + ∆2
(
r4θ + O(r
5
θ), 0,−4
γ
δ
r2θ + O(r
4
θ)
)
(S13)
for the angular tophat beam.
Note that in both cases the y component is absent. To leading order, the deflection angle is just given by
δθ ≈ (δ〈k〉)x
k
(S14)
which leads to Eq. (14) of the main text.
3CALCULATION FOR A DISPLACED ATOM
When the atom is located at a position d away from the origin, the angular components of the scattered wave are
phase shifted by an amount exp(−ikuΩ · d), so that the interference term, Eq. (5) (main text), is modified to
Jif(Ω) =
1
2Z0
[
E∗in(Ω) ·E(coh)sc (Ω)e−ikuΩ·d + c.c.
]
(S15)
For a displacement along x, we have d = dxˆ so that
kuΩ · d = kduΩ · xˆ = kd sin θ cosφ (S16)
In the integrals
∫
Jif(Ω) dΩ and
∫
uΩ Jif(Ω) dΩ, we develop the integrand in a power series of kd, up to fourth order
and integrate the terms separately.
For the amplitude ratios Esc/E
(G)
0 and Esc/E
(Π)
0 we find that their lowest order (∼ w2θ and ∼ r2θ) is not affected by
kd. For the deflection angle the leading order in wθ, rθ is still fourth order, and up to order (kd)
4 the angle is
δθ ≈ 3
4
(1∓ kd) γ∆
(γ2 + ∆2)
×
 w4θ (Gauss)r4θ/4 (tophat) (S17)
for a u± dipole, respectively. This shows that the deflection angle, and thus also the transverse force, vanishes if the
atom is displaced by an amount d = ±k−1 = ±λ.
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